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Novel TiO2/carbon nanocomposites were prepared through the pyrolysis of TiO2/poly(furfuryl alcohol)
hybrid materials, which were obtained by the sol–gel method, starting from titanium tetraisopropoxide
(TTIP) and furfuryl alcohol (FA) precursors. Six different TiO2/C samples were prepared based on different
TiO2 nanoparticle sizes and TiO2/FA ratios. All of the samples were characterized using X-ray diffraction,
infrared, and Raman spectroscopy. The results indicated effective FA polymerization onto the TiO2 (ana-
tase) nanoparticles, polymer conversion to disordered carbon following the pyrolysis, and a simultaneous
TiO2 anatase–rutile phase transition. The resulting TiO2/carbon composites were used as photocatalysts
in the advanced oxidative process (AOP) for the degradation of reactive organic dyes in aqueous solution.
The results indicate excellent photocatalytic performance (degradation of 99% of the dye after 60 min)
with several advantages over traditional TiO2-based photocatalysts.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Efﬂuents of a large variety of industries usually contain signiﬁ-
cant quantities of synthetic organic dyes. The discharge of these
colored compounds into the environment causes considerable
non-esthetic pollution and serious health-risk factors. Because
conventional wastewater treatment plants cannot degrade the
majority of these pollutants, powerful methods for the decontam-
ination of dye wastewaters have received increasing attention over
the past decade [1].
Biodegradation, coagulation, adsorption, advanced oxidation
processes (AOPs), and membrane processes are some of the pro-
cessing methods suggested for dealing with the removal of dyes
from water [2–8]. Among AOPs, heterogeneous photocatalysis
using TiO2 as photocatalyst is the most attractive emerging
destructive technology [9,10]. In this process, the semiconductor
can act as a sensitizer for reduced-light redox processes. When
the energy of an incident photon matches or exceeds the band
gap energy of the TiO2, an electron/hole pair is generated.
Excited-state conduction band electrons and valence band holes
can recombine and dissipate the input energy as heat, become
trapped in meta-stable surface states, or react with electron donors
and electron acceptors adsorbed on the semiconductor surface. The
hole in the valence band is a strong oxidant that can either oxidize
a compound directly or react with electron donors such as water orevier OA license. hydroxide ions to form hydroxyl radicals, which in turn react with
pollutants, such as dyes, leading to the total mineralization of most
of the pollutants [9,10].
The size and shape of the TiO2 particles inﬂuence the functional
properties, speciﬁc surface area, amount of defects, phase transition
temperatures, the stability of the different phases, and the catalytic
properties [10,11]. Previous studies have shown that the anatase
phase of TiO2 is the most efﬁcient for photocatalysis [12,13].
Although there are no expressive differences in the band gap mag-
nitude between the thermodynamically stable rutile phase and the
anatase phase, the former has no representative results that show it
to be a photocatalyst. The main explanation for this behavior is
based on the capacity for adsorption of organicmolecules on the ex-
posed crystal face of the different TiO2 phases, which is strongly
favorable in the anatase structure and unfavorable in the rutile
structure [14]. Other factors, such as electronic and chemical differ-
ences between these two phases, are also considered (on rutile TiO2,
the concentration of surface oxygen vacancies is quite large, which
induces several modiﬁcations in both structural and electronic
properties [15]). However, it is now well-accepted that the pres-
ence of an amount of rutile in the photocatalyst leads to the best
performance. The enhanced activity of these mixed TiO2 phases
can be attributed to the following: (i) the introduction of a certain
degree of mesoporosity and wider pore size distribution [14]
caused by the presence of rutile in the anatase-based photocatalyst,
or (ii) the reduction of the electron–hole recombination of anatase
due to the transfer of electrons from anatase to a lower-energy
rutile phase [14]. In fact, the most frequently employed TiO2-based
photocatalyst is the commercial Degussa P-25, composed of
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efﬁciency in comparison with other forms of TiO2.
For application in real efﬂuents, dispersed catalysts have been
used. However, in large-scale applications, the use of suspended
nanoparticles requires the separation and recycling of the catalyst
from the treated water prior to the discharge, which is a time-con-
suming and expensive process. This requirement is one of the
disadvantages associated with heterogeneous photocatalysis. Both
the commercial and the synthesized powdered TiO2 consist of very
small microcrystalline particles that can disaggregate to various
extents, which greatly inhibits their separation by decantation.
This reality worsens if nanoparticles of the catalyst are employed.
These problems can be avoided by immobilizing the photocatalyst
on suitable supports [15–19], such as glass ﬁbers, glass, quartz, and
stainless steel, but the efﬁciency of pollutant degradation by
immobilized TiO2 particles usually decreases because of the mass
transfer limitation. To enhance the mass transfer, a system com-
posed of suspended particles is preferred for a better mixing of cat-
alysts with both light beams and pollutants in water. Therefore,
much attention has been given to immobilizing TiO2 on particle
supports that can be easily suspended in aqueous solution (by
either air bubbling or mechanical stirring) and can be easily further
separated by common decantation [15–22], including alumina,
zeolite, silica gel, glass beads and different types of carbonaceous
materials [15–22].
Binary materials composed of TiO2 and carbonaceous structures
(henceforth, TiO2/C) have already been proposed as photocatalysts
in the liquid–solid regime to photo-oxidize organic pollutants such
as phenol [23], chlorophenol [24], dyes [25,26], herbicides [27],
and among others. In addition to the supporting, the carbonaceous
material also acts as an active phase to enhance the photocatalytic
activity of TiO2. The importance and the increased utilization of
different TiO2/C materials in photocatalysis have been reviewed
in a recent paper [11].
Various methods have been employed recently to prepare TiO2/
C composites. The sol–gel process involves the low-temperature
synthesis of an inorganic network by a chemical reaction in solu-
tion, generally the hydrolysis and subsequent condensation of
metallic alkoxides. One of the many advantages of the sol–gel pro-
cess is the possibility to synthesize hybrid organic/inorganic mate-
rials in situ during the synthesis of the oxide by mixing the organic
precursor into the reaction mixture during the different sol–gel
steps. We previously described the preparation of novel TiO2 nano-
particle/poly(furfuryl alcohol) composites by the sol–gel route
[28,29]. Poly(furfuryl alcohol) (PFA) is a common thermosetting re-
sin in which the pyrolysis forms carbon with a fairly high yield
[30]. Thus, these composites were used as precursors for highly
porous carbon materials through pyrolysis followed by the dissolu-
tion of the oxide fraction.
In this work, we show that these TiO2 nanoparticle/poly(furfu-
ryl alcohol) composites can be used as precursors to prepare novel
TiO2/C materials, which present very interesting and surprising
photocatalytic performances. The effect of the pyrolysis tempera-
ture, the particle size, and the TiO2/PFA ratio on the structure, sta-
bility, and photocatalytic performance of the catalysts is also
demonstrated.2. Materials and methods
2.1. Materials
Titanium tetra-isopropoxide (TTIP) was purchased from Strem
Company and was used as received. Furfuryl alcohol (FA) was
obtained from Merk and was puriﬁed by distillation before use.
Concentrated hydrochloric acid and 2-propanol were purchasedfrom Carlo Erba and were used as received. The water employed
in all preparations was distilled and puriﬁed by a Milli-Q system
(Millipore). The anthraquinone dye Reactive Blue-19 was supplied
by Aldrich. Dye solutions were prepared with distilled water at a
concentration of 50 mg L1 and pH 7.
2.2. Preparation of TiO2 catalysts
Three samples of the TiO2 nanoparticles with different sizes
were prepared in accordance with the method previously de-
scribed by Oliveira et al. [31]. Typically, 20.0 mL of TTIP was diluted
in 20.0 mL of 2-propanol in a glove box. This mixture was added to
120.0 mL of a 0.2 mol L1 HCl aqueous solution and precipitation
occurred immediately. The mixture was maintained under mag-
netic stirring for 8 h at 60 C in a reﬂux system, resulting in a
homogeneous, white dispersion. Next, water and the 2-propanol
solvent were removed under vacuum at 40 C following by air dry-
ing at 55 C for 24 h. The resulting white solid composed of a TiO2
xerogel will be referred to here as TiO2-0.2. Two other samples
were prepared exactly as previously described, but using HCl solu-
tions of 0.4 mol L1 and 0.6 mol L1, resulting in the samples TiO2-
0.4 and TiO2-0.6, respectively.
2.3. Preparation of nanocomposite catalysts
The synthetic procedure for the TiO2/poly(furfuryl alcohol)
(TiO2/PFA) composites is similar to the approach described by Al-
meida et al. [28,29], based on the addition of the FA monomer in
an aqueous/acidic dispersion of TiO2 nanoparticles. Six composite
samples were prepared by adding the FA over the three dispersions
of TiO2 nanoparticles in water that were described previously,
maintaining the Ti/FA molar ratios as 1:0.4 and 1:1. The obtained
samples will be referred to here as TiO2/PFA-0.2–0.4, TiO2/PFA-
0.2–1, TiO2/PFA-0.4–0.4, TiO2/PFA-0.4–1, TiO2/PFA-0.6–0.4, and
TiO2/PFA-0.6–1. The following synthesis procedure for sample
TiO2/PFA-0.2–0.4 exempliﬁes the typical procedure. Two grams
of TiO2-0.2 was dispersed in 74.4 mL of H2O. The dispersion was
maintained under an ultrasound bath (Unique, 154 W, 37 kHz)
for 8 min, and then 890.5 lL of FA was added. The resulting mix-
ture was sonicated for an additional minute and then magnetically
stirred for 1 h. Next, the water and the unreacted monomer were
removed under vacuum at 40 C. The resulting solid material was
subsequently thermally treated at 70 C for 24 h to promote the
complete FA polymerization. Similar procedures were used for
the other samples, but the volume of FA added was 2.172 mL for
the samples in which the Ti/FA molar ratios were 1:1. All of the
samples were dark brown, indicating the formation of PFA.
All of the TiO2/PFA composite samples were pyrolyzed at 900 C
under ﬂowing argon. Approximately 1 g of each sample was placed
in a tubular furnace (EDGECON 5P) at room temperature. A ﬂow of
260 mL min1 of argon was continuously passed over the furnace,
and the temperature was increased to 900 C at a rate of
10 C min1. The samples remained at 900 C for 2 h. The temper-
ature was then decreased to room temperature. The samples be-
came black and will be referred to here as TiO2/C-0.2–0.4, TiO2/
C-0.2–1, TiO2/C-0.4–0.4, TiO2/C-0.4–1, TiO2/C-0.6–0.4, and TiO2/
C-0.6–1.
2.4. Photocatalytic activity
Photocatalytic experiments were performed in a jacketed boro-
silicon-glass vessel (250 mL) equipped with a magnetic stirrer,
water refrigeration (operating temperature: 25 ± 2 C), and an oxy-
genation system (oxygen ﬂow: 110 mL min1). The UV radiation
was provided by a medium-pressure mercury vapor lamp (125W,
maximal emission wavelength centered at 254 nm), without the
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jacket (Fig. S1, Supplementary material). In this reactor, 200 mL
aliquots of a 50 mg L1 and pH 7 aqueous solution of RB-19 dye
were mixed with 50.0 mg of catalyst and submitted to 30 min of
adsorption (in the absence of light and oxygenation). Aliquots were
taken at intervals of 10 min, ﬁltered through a 45 lMmembrane of
cellulose acetate, and subjected to analysis. The mixture was then
submitted to the photocatalytic treatment (with light and oxygen-
ation) for an additional 60 min, and aliquots for analysis were taken
after 5, 10, 15, 30, and 60 min. The concentration of 50 mg L1 has
been chosen because it is several orders higher than the observed
for real efﬂuents.2.5. Characterization
The X-ray diffraction (XRD) patterns were obtained in a Shima-
dzu XRD-6000 diffractometer using Cu Ka radiation at 40 kV and
40 mA. The diffractograms were collected at a rate of 2min1
(in 2h). The phase composition of TiO2 was estimated from the
XRD proﬁle of each sample through the weight fraction of the ana-
tase (101), brookite (121), and the rutile (110) XRD peaks, accord-
ing previously described by Zhang and Banﬁeld [32].
The FT-IR spectra of the samples were obtained in a Bio-Rad
Excalibur FTS 3500GX spectrophotometer in the 4000–400 cm1
range using 32 scans and a resolution of 4 cm1. The samples were
prepared in KBr pellets.
The Raman spectra were obtained in a Renishaw Raman Image
spectrophotometer coupled to an optical microscope that focuses
the incident radiation down to an approximately 1 lm spot. A
He–Ne laser (k = 632.8 nm) was used with 2 mW incidence po-
tency over the 200–2000 cm1 region.
Thermogravimetric analysis (TGA) and differential scanning cal-
orimetry (DSC) measurements were taken simultaneously in a Net-
zsch STA 409 apparatus, in both synthetic air and N2 atmospheres.
Approximately 10 mg of each sample was analyzed from room
temperature up to 900 C at 10 C min1 using alumina crucibles.
Dynamic light scattering (DLS) measurements were performed
using a Nanotrac NAS 35 instrument with the nominal detection
beam varying from 0.8 to 6500 nm. Measurements were obtained
in three scans of 30 s each.
The concentration of QR-19 dye in solution was obtained using
a UV–Visible spectrophotometer (Hewlett–Packard, 8452A). The
range was 180–800 nm.3. Results and discussion
3.1. Characterization of the TiO2 nanoparticles catalysts
The phase composition in all of the TiO2 nanoparticles was
established using both powder X-ray diffractometry (XRD) and Ra-
man spectroscopy. XRD data for the three TiO2 nanoparticles and
the commercial Degussa P25 sample (for comparison) are shown
in Fig. 1I. We observed broad peaks on all of the TiO2 nanoparticles
XRD patterns, which indicate that the obtained oxides had small
crystallite diameters. This effect becomes very clear when the
XRD proﬁles are compared with that of the Degussa P25 sample,
which presents sharp peaks that indicate a larger crystallite
diameter.
The XRD proﬁle presented in Fig. 1I shows that in the sample
TiO2-0.2, the majority of the obtained oxide had the anatase struc-
ture, with a minor brookite component. This proﬁle changed with
increasing acid concentration, indicating an increase in the amount
of the rutile phase. The ratio between the anatase (A), brookite (B),
and rutile (R) in the obtained samples was estimated from the
intensities of the XRD peaks to be the following (in percentage):TiO2-0.2 (A = 76; B = 24; R = insigniﬁcant); TiO2-0.4 (A = 58;
B = 35; R = 5); TiO2-0.6 (A = 65; B = 20; R = 15); and Degussa P25
(A = 86; B = insigniﬁcant; R = 14).
The phase composition of the oxides obtained in this work was
also investigated by Raman spectroscopy. Fig. 1II shows the Raman
spectra of the TiO2 nanoparticles and the commercial Degussa P25
for comparison. The Raman spectrum of commercial TiO2 exhibits
three sharp bands at 397, 518 and 639 cm1 (B1g, A1g + B1g, and Eg
modes, respectively), which are all characteristics of the anatase
form of TiO2 [33]. The rutile bands at 446 and 608 cm1 are also de-
tected at low intensity. The Raman spectra of TiO2-0.2 contains all
of the anatase bands listed previously plus a series of bands at 246,
324, 365, and 632 cm1 that are attributed to the brookite phase
[34], which conﬁrms the occurrence of traces of brookite in this
sample. The bands assigned to the rutile phase [31,33,34], at 446
and 608 cm1, appeared in the spectra of the TiO2-0.4 and TiO2-
0.6 samples, demonstrating the coexistence of the anatase, brook-
ite, and rutile phases in these samples. These results are in agree-
ment with the XRD data discussed previously.
In addition to the inﬂuence on the structure of the obtained
oxide, the amount of acid used during the sol–gel process has a sig-
niﬁcant effect on the stability of the aqueous dispersion of the
nanoparticles. The TiO2-0.2 sample produces a milky, turbid, very
stable, and homogeneous aqueous dispersion, indicating a very
small particle size. When the acid concentration was increased, a
more heterogeneous suspension, resulting in a white solid precip-
itate, was obtained, which indicated the formation of larger parti-
cles. The particle size of the samples was estimated by dynamic
light scattering (DLS), and the obtained results, presented in
Fig. 2, corroborate the qualitative visual aspects described earlier.
It is clear from Fig. 2 that increasing the acid concentration during
the sol–gel process produces both an increase in the quantity of
medium-sized particles and a broadening of the size distribution.
The medium particle size observed for the TiO2-0.2, TiO2-0.4, and
TiO2-0.6 samples were 27.8 ± 0.7 nm, 31.2 ± 1.4 nm, and
91.2 ± 2.5 nm, respectively.
3.2. Characterization of the TiO2/PFA and TiO2/C samples
As described at the Experimental section, six TiO2/PFA samples
(and, consequently, six TiO2/C samples) were produced, starting
from the three TiO2 samples discussed earlier with two different
amounts of FA for each. The experimental route was based on
the addition of a suitable amount of FA to the aqueous dispersion
of the TiO2 nanoparticles. The polymerization starts on the nano-
particle surface, probably through an interaction between the
monomer and the several surface groups present on the TiO2 nano-
particles. The subsequent heat treatment of the samples was con-
ducted to guarantee the complete polymerization of FA [28,29].
Polymer formation was evidenced by the strong brown color ob-
served in the TiO2/PFA samples, similar to that of free PFA resin,
and was corroborated by infrared analysis. The infrared spectra
of the TiO2/PFA samples (Fig. S2, Supplementary material) present
one band at 596 cm1 that is attributable to the Ti-O stretching and
Ti-O-Ti bending, which are characteristic of the TiO2 in the anatase,
and the following several bands that are characteristic of the PFA,
which conﬁrms that this polymer was formed [28,29]: 1715 (m
C@O), 1614 (m C@C), 1560 (m C@C), 1505 (m C@C), 1408 (d CACAO
{CH2}), 1355 (m C@C), 1214 (m CAOH, m CAOAC), 1160 (d CACAH, m
CAO), 1070 (m CAO), 1015 (m CAO), 970 (d CACAH), and 797 (d
CACAH). All of the bands attributed to the PFA disappear after
the pyrolysis. The spectra of all of the TiO2/C samples present
two well-deﬁned bands at 644 cm1 and 544 cm1 attributed to
the TiO2 in the rutile form, evidencing that the thermal treatment
of the TiO2/PFA samples causes a phase transition in the oxide
nanoparticles.
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Fig. 1. (I) X-ray diffraction proﬁle and (II) Raman spectra of the samples TiO2 P-25 (a), TiO2-0.2 (b), TiO2-0.4 (c), and TiO2-0.6 (d). A = anatase, B = Brookite, R = Rutile.
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Fig. 2. Size histograms obtained by dynamic light scattering of the samples TiO2-0.2 (a), TiO2-0.4 (b), and TiO2-0.6 (c).
10 20 30 40 50 60
(a)
2θ (degrees)
In
te
ns
ity
 (a
.u
.)
(c)
(b)
Fig. 3. XRD patterns of the following samples: (a) TiO2-0.2, (b) TiO2/PFA-0.2–1, and
(c) TiO2/C-0.2–1.
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merization of the furfuryl alcohol and the pyrolysis step were
studied using both XRD and Raman spectroscopy for all samples.
As examples, these data will be discussed for the samples TiO2-
0.2, TiO2/PFA-0.2–1, and TiO2/C-0.2–1, which are representative
of all of the other samples. The X-ray diffractograms of the samples
are presented in Fig. 3. The XRD pattern of the TiO2/PFA-0.2–1
sample presents the same proﬁle observed for the neat oxide
TiO2-0.2, indicating that the structure of the oxide was not modi-
ﬁed by the polymer.
The samples obtained following the pyrolysis of the TiO2/PFA
samples (TiO2/C) are black, evidencing the formation of a carbona-
ceous phase. The samples TiO2/C presented XRD proﬁles with shar-
per peaks, demonstrating an increase in the particle size of the
oxide. Also, the pyrolysis of the TiO2/PFA samples causes a transi-
tion from anatase and brookite to the rutile phase, as observed in
the XRD pattern of the TiO2/C-0.2–1 sample in Fig. 3. It can be seen
that the anatase–rutile transition was not complete when using
the pyrolysis procedure described here, evidenced by a remaining
anatase-phase reﬂection in the diffractogram (the sample TiO2/C-
0.2–1 has the composition of 6 wt.% of anatase and 94 wt.% of ru-
tile). The presence of PFA interfered in the anatase–rutile phase
transition kinetics; the same pyrolysis conditions applied to the
TiO2-0.2 sample produced a complete conversion of the oxide tothe rutile phase. We have performed some experiments in which
the amount of polymer was continuously increased and veriﬁed
that the anatase to rutile conversion becomes less evident with
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Fig. 5. Thermogravimetric data for the samples (a) TiO2-0.2 collected in N2
atmosphere; (b) TiO2/PFA-0.2–1 collected under N2 atmosphere and (c) TiO2/PFA-
0.2–1 collected under synthetic air atmosphere.
E. da Costa et al. / Journal of Colloid and Interface Science 368 (2012) 121–127 125increasing polymer amount. This complete study will be published
elsewhere.
The XRD proﬁles of all the TiO2/C samples display only the
peaks associated with the oxide. No peaks attributed to graphite
or other crystalline carbonaceous structures were detected, indi-
cating that the carbonaceous material resulting from the pyrolysis
has a non-crystalline nature.
The samples were also characterized by Raman spectroscopy,
and the spectra of the TiO2-0.2 and TiO2/C-0.2–1 samples are
shown in Fig. 4. Unfortunately, we were not able to collect the Ra-
man spectra of the TiO2/PFA samples because of the strong ﬂuores-
cence observed for them. The spectrum of the TiO2-0.2 sample
(Fig. 4) presents bands that are attributed to TiO2 in both the ana-
tase and the brookite phase, as discussed previously (Fig. 2). The
anatase–rutile phase transition following the thermal treatment
was also conﬁrmed by Raman spectroscopy for all of the TiO2/C
samples, as shown in Fig. 4. However, in addition to the rutile
bands (marked with an R in the spectra), two new bands were ob-
served in all of the TiO2/C spectra at 1608 and 1354 cm1. These
bands are the so-called G and D bands, respectively, and are char-
acteristic of disordered carbon materials [35]. The G band is a CAC
stretching mode characteristic for sp2-based carbonaceous materi-
als. It appears at 1582 for a single crystal of graphite and becomes
broad and blue shifted to as far as 1610 cm1 for disordered (non-
crystalline) carbon [36,37]. Also, in disordered carbons, another
broader line appears at 1360 cm1. This new band (called D-line,
where D stands for disorder) is an in-plane mode, which becomes
active by small imperfections due to the particle size effect and the
loss of translational symmetry in the disordered structure [36,37].
The width and relative intensities of both G and D lines (ID/IG) are
currently used to characterize carbon materials (higher ID/IG ratio
can be correlated with a higher disorder degree). As can be seen
in Fig. 4, in the sample TiO2/C-0.2–1, the G band is close to
1600 cm1 and the D band is intense and wide conﬁrming that,
as suggested before by XRD, the obtained carbon is substantially
disordered. The same feature was observed for all the others
TiO2/C samples prepared here.
The thermal behavior of the TiO2/PFA samples was investigated
by thermogravimetric analysis (TGA). Fig. 5 shows the TGA curves
for TiO2/PFA-0.2–1 under both synthetic air (Fig. 5b) and pure
nitrogen (Fig. 5c). The TGA proﬁle of the sample TiO2-0.2 is also
showed for comparison (Fig. 5a). The weight losses for the sample
TiO2/PFA-0.2–1 occur mainly at two intervals: from the room tem-
perature to approximately 150 C, which is associated with the
elimination of adsorbed water, and from 150 C to approximately300 600 900 1200 1500 1800 2100 2400
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Fig. 4. Raman spectra of the following samples: (a) TiO2-0.2 and (b) TiO2/C-0.2–1.430 C, which is associated with the decomposition of the PFA
backbone. Considering that the polymer is completely decomposed
in gaseous species when thermally treated under air, the differ-
ences between the amount of residues remaining after the treat-
ment under nitrogen and the treatment under air could be
associated with the amount of carbon produced in the TiO2/C
nanocomposite. For the TiO2/C-0.2–1 sample, which was obtained
from the pyrolysis of the TiO2/PFA-0.2–1 and for which the ther-
mogravimetric curves are illustrated in Fig. 5, the total amount of
carbon was 7.8 wt.%. This procedure has been followed for all of
the TiO2/PFA, and the amount of carbon in each sample was (in
wt.%) 4.4, 10.7, 15.3, 3.4, and 20.4 for the samples TiO2/C-0.2–0.4,
TiO2/C-0.4–0.4, TiO2/C-0.4–1, TiO2/C-0.6–0.4, and TiO2/C-0.6–1,
respectively.3.3. Photocatalytic activity
The photodegradation of the RB-19 dye was monitored by UV–
Vis spectroscopy, as illustrated in Fig. 6 for the TiO2/C-0.2–0.4 cat-
alyst. In the spectrum of the dye solution, two absorption regions
can be identiﬁed in the visible region (between 480 and 680 nm,
associated with p-p⁄ transitions involving the chromophoric
anthraquinone group) and in the UV region (between 200 and
350 nm, associated with the characteristic absorption of aromatic200 300 400 500 600 700 800
0
1
2
3
4
5
500 600 700
Wavenumber (nm)
adsorption 10 min
A
bs
or
ba
nc
e
Wavenumber (nm)
dye
adsorption 20 min
adsorption 30 min
photocatalysis 5 min
photocatalysis 10 min
photocatalysis 15 min
photocatalysis 30 min
photocatalysis 60 min
Fig. 6. Spectrophotometric monitoring of the adsorption and heterogeneous
photocatalysis processes in a 50.0 mg L1 and pH 7 aqueous solution of RB-19
dye solution containing 50.0 mg of the TiO2/C-0.2–0.4 catalyst.
Table 1
Results of adsorption (A) after 30 min and degradation (D) after 30 and 60 min, for the
photodegradation of the RB-19 dye using different photocatalysts.
Photocatalyst A (%) D after 30 min (%) D after 60 min (%)
TiO2 (Degussa P25) 4 98 99
TiO2-0.2 82 99 99
TiO2-0.4 92 99 99
TiO2-0.6 83 99 99
TiO2/C-0.2–0.4 7 71 99
TiO2/C-0.2–1 9 71 98
TiO2/C-0.4–0.4 19 66 82
TiO2/C-0.4–1 16 60 68
TiO2/C-0.6–0.4 5 40 56
TiO2/C-0.6–1 16 62 93
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monitored at regular intervals of time by monitoring the absor-
bance intensity at 580 nm (see in the detail of Fig. 6) and at
220 nm. Initially, the catalysts were stirred in the dye solution in
the dark for 30 min to verify the effect of adsorption of the dye
onto the catalyst surface. After 30 min, the mixtures were irradi-
ated and photocatalysis began. We have also conducted control
experiments in which the solution was irradiated in the absence
of the photocatalyst, and the results demonstrated that there was
no degradation of the dye due some photolytic process.
The comparative effect of the decrease in the absorbance of the
dye solution as a function of the time for all of the photocatalysts
(according the demonstrated in Fig. 6 for the TiO2/C-0.2–0.4) is
presented in Fig. 7, and the results are given in Table 1.
Several important conclusions can be obtained from the results
presented in Fig. 7 and Table 1: (i) all of the TiO2/C samples pre-
pared here displayed photocatalytic activity; (ii) the best photocat-
alytic performance was veriﬁed for both the TiO2/C-0.2–0.4 (99%
dye degradation after 60 min) and TiO2/C-0.2–1 (98% dye degrada-
tion after 60 min) samples, and the worse performance was for the
TiO2/C-0.6–0.4 sample (56% dye degradation after 60 min); (iii) in a
general way, there is no direct correlation between the catalytic
performance and the amount of carbon. These conclusions have
also been obtained by Yu et al. [38] for TiO2/carbon nanotube phot-
ocatalysts. It is well established that although the presence of car-
bonaceous structures usually enhances the photocatalytic activity
of TiO2 because of the synergistic effects discussed previously, an
excess of carbon inhibits the absorption of photons, lowering the
efﬁciency of the process; (iv) it was not possible to see any corre-
lation between the catalytic performance and the medium sizes of
the TiO2 nanoparticles used to prepare the TiO2/PFA precursors,
probably because an increasing in the medium size of the TiO2 par-
ticles have been detected in all TiO2/C samples, caused by the ther-
mal treatment at 900 C; (v) there was not observed an
enhancement on the photocatalytic behaviors of the TiO2/C cata-
lyst in comparison with all the neat TiO2 nanoparticles and the
commercial TiO2 P-25 (Table 1). However, in spite of the excellent
results obtained with the P-25, TiO2-0.2, TiO2-0.4, and TiO2-0.6
catalysts, they could not be used in real application due to the
absolute difﬁculty in separating ﬁne powder from the solution.
This problem does not occur when the TiO2/C samples are used,
because all the TiO2/C particles spontaneously decants when the
stirring is interrupted.0 10 20 30 40 50
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Fig. 7. Adsorption and degradation proﬁles of RB-19 dye (50.0 mg L1 and pH 7
aqueous solution) in the presence of 50.0 mg of the different catalysts prepared in
this work.Another very interesting observation is that all of the TiO2/C
catalysts are predominantly composed of rutile-TiO2. The best pho-
tocatalyst (TiO2/C-0.2–0.4) comprises 96% rutile and 4% anatase.
The excellent photocatalytic performance of this sample is notice-
able, although it is well known that the rutile phase is not consid-
ered to be a good photocatalyst. There are several possible
explanations for this behavior: (i) the presence of carbon increases
the adsorption of the dye and the possibilities of contact between
the dye and the photocatalysts. One of the explanations for the
worse efﬁciency of the rutile structure in comparison with the ana-
tase structure is that the adsorption of organic molecules on the
rutile surface is not favorable [11]; (ii) the presence of carbona-
ceous structures creates novel TiAOAC or TiAC surface centers that
enhances the dye degradation; (iii) the presence of carbon inhibits
the exciton recombination in the rutile structure and creates a new
path for the transport of the charge carriers; (iv) the photocatalytic
phase of these photocatalysts is, in fact, the low anatase fraction
that is detectable in all samples (for example, in the TiO2/C-0.2–
0.4 sample, the 4% of anatase that remains in the sample should
be present in the surface of the TiO2 particles in a rutile/anatase
core/shell-like structure); (v) a combination of all or some of the
points listed above. The results show clearly that the presence of
the carbonaceous phase play an important part in the mechanism
of photocatalysis of these samples, yielding synergistic effects be-
tween the TiO2 and the carbonaceous material. In comparison with
pure rutile phase (commercial or obtained from the thermal treat-
ment of our TiO2 nanoparticles at 900 C), the presence of carbon
caused a very impressive enhancement in the photocatalytic activ-
ity, which is a very interesting result. More detailed studies are
necessary to fully understand these effects.
4. Conclusions
The results presented here indicate that the route proposed for
the preparation of TiO2/C nanocomposites, based on the pyrolysis
of different samples of TiO2/PFA, was successful. Different nano-
composites were obtained containing different TiO2/C ratios, as
well as different ratios between the crystalline phases of titanium
dioxide. The route to prepare the photocatalysts described here is
very simple, inexpensive, and scalable. The results concerning the
application of these nanocomposites demonstrated that they are
excellent candidates for use as photocatalysts for the degradation
of organic dyes. Besides the RB-19, we have applied these nano-
composites as photocatalysts for another dyes (as methylene blue),
and the results were as good as the presented here. Concerning
practical application, it is important to note that the separation
process is very simple, which is one of the main advantages of this
proposal. In fact, the nanocomposite catalysts remain suspended in
the solution because of the magnetic stirring during the photoca-
talysis experiment, but they are promptly decanted when the stir-
ring is stopped. All of these characteristics together indicate that
E. da Costa et al. / Journal of Colloid and Interface Science 368 (2012) 121–127 127the TiO2/C nanocomposites described here are viable candidates
for large-scale photocatalysis.
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